Abstract: R ecoating in a stereolithography apparatus (SLA) involves dipping the part being built into a vat containing liquid resin and sweeping a blade over the top of the part. There are two problems with the recoating operation in existing SLA systems. F irstly, the process is slow because the blade sweep speed is usually restricted to minimize disturbances to the resin surface and also because, after each sweep, the machine has to wait idly for any disturbances to subside and the resin surface to become level before scanning by the laser can be performed. In a part made up of hundreds or thousands of layers, these measures considerably lengthen the build time. The second problem is the dif culty of ensuring that the thickness of the generated layers is even and accurate in parts that incorporate upward-facing concave areas. F or such parts, recoated layers may be either thinner or thicker than speci ed. In the worst case, the part may become delaminated or the blade may strike the cured resin during recoating, resulting in build failure. This paper reports on an experimental study of the recoating operation. The paper discusses the setting of parameters controlling the operation and proposes guidelines for producing good quality SLA parts while reducing build times.
INTRODUCTION
The stereolithography apparatus (SLA) rapid prototyping process employs a laser to polymerize and solidify a photosensitive viscous liquid resin layer by layer. An SLA has a platform which carries the part being constructed and a vat containing the resin material. The platform is lowered gradually into the vat as the part is built up. To start a new layer during the part building phase, a coat of fresh resin is thinly spread on top of the immediately preceding cured section. This recoating operation [1] consumes time because of the need for a delay to allow a freshly drawn or hatched layer to cure before dipping the part further into the resin, in addition to sweeping with a blade over the top of the part and waiting for the ripples on the disturbed resin surface to subside and the surface to become level. The latter step, called a z-level wait [2] , takes place before drawing and hatching by the laser can start. In order to reduce disturbances to the resin surface, the blade sweep and the platform dipping speeds are usually kept low. These measures add to the recoating time which, although only in the order of seconds, is a signi cant part (as much as 90 per cent) of the total build time. Also, because the laser is not turned off while the machine is recoating between layers, the useful life of the laser, which is the most expensive consumable in the machine, is shortened. The second problem is with the quality of the resin layers obtained. To achieve the required layer thickness and uniformity, the recoating operation must be controlled precisely, since any errors at this stage will be directly re ected in the next layer [1] . H owever, this is not always possible. The most dif cult situation is recoating over a feature that isolates a volume of resin from the surrounding liquid polymer.
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The level of the resin in the trapped volume may be different from that outside. As a consequence, the recoated resin on top of the part would be subject to the meniscus effect and become uneven. Thus, the part accuracy deteriorates and eventually the build could fail because of collisions of the blade with the part. Also, where there is too much resin, delamination could occur due to undercuring. Originally, the SLA recoating process involved dipping the part into the resin to ensure that the top of the part is fully covered with resin. H owever, this requires a very long z-level wait time for the excess resin on top of the part to drain away. Subsequently, a blade was introduced, which improved the process by sweeping off the excess resin after the deep-dip operation to leave a coat of fresh material for the next layer. An improved blade design was introduced in 1996 by one of the main manufacturers of SLAs for their new range of machines [3] . The new blade is an 'active' blade, which holds resin within it and deposits a controlled amount on the part. This has eliminated the need for the deep-dip operation and enabled the production of parts of a more consistent quality. H owever, the above-mentioned problems remain, and recoating over trapped volumes is still dif cult.
R esearch to improve the recoating process is continuously being undertaken [4] [5] [6] [7] [8] [9] [10] . R esin lm recoating methods have been proposed [4, 5] . Systems using vibration methods [6] , counter-rotating rollers, ink-jet recoaters and spinning devices [7] have also been patented. A new concept of recoating for parts with inserts has been described [8] . H owever, the majority of SLA machines currently available commercially employ blades for the recoating operation. R enap and K ruth [9] have described the recoating problems associated with the original passive blade. This paper addresses issues with the speed and quality of SLA recoating using an active blade.
The body of the paper comprises two sections. The rst discusses the setting of the parameters controlling the recoating operation to raise the blade sweep speed and decrease the z-level wait, while also limiting the amount of rippling. The second section focuses on other sets of recoating parameters to achieve a good recoating quality, especially for trapped volumes, and provides guidelines for selecting parameters to achieve highquality parts in reduced build times.
INCREASING THE SPEED OF RECOATING
To ensure trouble-free recoating and good-quality parts, it is essential that the surface of the liquid resin is level and any ripples caused by previous movements of the blade and platform have settled before the laser starts scanning the next layer. This section discusses the determination of the minimum z-level waiting time required to achieve a smooth and level resin surface and analyses the relationship between the recoating time and the speeds of movement of the blade and the platform. An SLA-250 machine [2] , equipped with an active blade for recoating, was used in this investigation. The resin type was Cibatool 1 SL 5170 [2] .
Control parameters
F or the purpose of recoating, the SLA process can be divided into two stages. These are initial support construction and part building. Supports connect the part with the platform and reduce the risk of delamination and deformation. The machine starts with building supports on the platform to a predetermined height. As the supports are thin, there is no blade sweeping during the recoating operation which, at this stage, only involves the platform dipping into the resin and then rising to the building position. There are three parameters relating to the platform movements. These are dip distance, velocity and acceleration. The dip distance was not considered in this study because its value is normally decided by the required coating quality. Thus, only platform velocity and acceleration were investigated. Because part building is the main stage in the SLA process, the recoating time during this stage is more signi cant. As previously mentioned, during part building the blade sweeps over the part, spreading new resin for the next layer (F ig. 1). The platform moves down by one layer thickness before the blade starts to sweep. As the movement of the platform is very small, it does not affect the recoating time greatly. The parameters of interest are the blade sweep speed and the vacuum level in the blade, with the latter affecting the rate at which the resin spreads over the part.
Tests
A phototransistor was used to pick up uctuations in the level of the resin [11] . The device was placed at the centre and along the side walls of the vat. F rom the signals detected, it was found that ripples took longer to subside at points along the side walls. Therefore, measuring points were selected along the side walls at front, middle and back positions (see F ig. 2).
The directions of movement of the blade are de ned as inward and outward (see F ig. 2). The sweep time is the time for the blade to complete one sweep. Although it might be expected that higher sweep speeds would cause larger ripples needing longer settling times, tests showed that the settling time did not change much, even when the sweep speed was increased signi cantly. This led to the possibility of reducing the total recoating time by increasing the sweep speed. Therefore, the investigation was biased towards high sweep speeds (or shorter sweep times). Tests were carried out at four different nominal sweep times, ranging from 10 to 4 s. Three vacuum levels were employed, with level 1 corresponding to low vacuum and level 3 to high vacuum. D ifferent combinations of measuring points, blade motion directions, sweep times and vacuum levels were used, which resulted in 72 measurements being taken.
F ollowing the same idea, tests relating to the movements of the platform also concentrated on faster speeds. As the platform is driven by a leadscrew, the leadscrew speed and acceleration were varied. Three different values of leadscrew speed and four different accelerations were adopted, namely 1.26, 1.89 and 2.51 rad/s and 1.26, 1.89, 2.51 and 3.14 rad/s 2 respectively. Thus, 36 measurements were taken with different combinations of measuring points, speeds and accelerations.
Results

Calibration and data processing
Calibration was carried out to determine how the amplitude of the phototransistor signal varies with the level of the resin. As shown in F ig. 3, an approximately linear relationship between the output of the phototransistor and the resin level was found within the range of level changes of interest (+0.1 mm).
The processing of the data obtained using the phototransistor will be illustrated with reference to F ig. 4. A tolerance band is rst chosen to de ne when the ripples have become small enough to be ignored. In F ig. 4, the band is +0.005 mm or equal to 5 per cent of the thickness of the resin layers. The reference surface level is determined by averaging the last 300 measurements. As shown in the gure, the surface level falls into, and remains within, the tolerance band 13.74 s after measurements started. As the blade began moving at 3.14 s, the recoating time needed to achieve settlement within the 
Blade movements
The data obtained were plotted for each measurement. This reveals that large ripples travel with the blade. The magnitudes of the ripples can be higher than 0.5 mm during the blade sweep tests, with the largest ripples appearing at the back of the vat (see Table 1 ). Also, the resin surfa ce oscillates around the blade when it stops in the vat. Based on these observations, it can be deduced that rippling takes longer to subside with inward movements of the blade than with outward movements. This can generally be noticed in the data of Table 2 , which shows the sum of the blade sweep time and the ripple settling time. In most cases, the times for inward movement are larger than for outward movement, with those for inward movement recorded at the back measuring points being the largest of all.
D ue to the difference in settling times between the inward and outward sweeping of the blade, different zlevel waiting times might be prescribed for the machine. Also, because the ripples behind the blade settle faster than those in front, the waiting time of the laser could be reduced by starting the scanning of the new layer on the aft side of the blade. Table 2 also shows that when the blade sweep time is reduced, the recoating time also drops without being noticeably affected by the greater disturbances to the resin surface associated with the increased blade speed. This is because the blade sweep time is the major part of the total recoating time and the settling time for the ripples does not increase much with the sweep speed, as noted earlier. Therefore, as previously mentioned, a higher sweep speed should be adopted wherever possible. F inally, from Table 2 , it can be seen that the effect of the vacuum level is small although vacuum setting 3 generally gave better results than the other settings.
Platform movements ( during support recoating)
The results presented in Table 3 show no marked differences in timing between the different operating conditions. It would appear that, as the speed and acceleration were increased to reduce the travel time of the platform, the ripples would take longer to subside, with the net effect that the total time, allowing for the ripples to settle within the given tolerance band, remained approximately constant. There is therefore no effective recommendation regarding platform movements during the support construction stage. H owever, the lowest acceleration setting seemed to yield the best outcome.
Guidelines for increasing the speed of recoating
Based on the results obtained, the following guidelines for increasing the speed of recoating can be drawn up:
1. U se high blade sweep speeds, as this does not incur penalties in terms of unduly extending the settling times for the ripples on the resin surface. In any case, 
IMPROVING THE QUALITY OF RECOATING
The last section has shown that a signi cant reduction in recoating time can be achieved while maintaining a smooth and level resin surface when a higher sweep speed is used. H owever, in addition to the resin surface having to be smooth and level, part quality also depends on the accuracy of the thickness of the applied coat of resin and other factors such as the magnitude of the drag forces exerted on the part by the moving blade and the amount of leading edge material deposit [12] . A higher sweep speed could adversely affect these factors and result in poor quality. Experiments were carried out to determine situations where high sweep speeds can be adopted. The main factors examined were the thickness and evenness of the resin layers, as they also take into account the amount of leading edge material deposit and the drag forces would have had to be suf ciently small for the part to be built successfully. R ecoating experiments were conducted on both solid substrates (without concave areas) and parts with trapped volumes. The equipment used was an SLA-3500 equipped with an active blade [3] . The resin was of type SL5510 [13].
Recoating over a solid substrate
F igure 5 shows the test part, a common SLA benchmark component. N ote that the square and round holes at the four corners of the part are all through holes and the part does not contain any trapped volumes. F our parts were built, one using default values for the blade sweep speed and z-level waiting time, the second with a sweep speed three times the default value, the third with a 
Fig. 5 Benchmark part
z-level waiting time equal to one-third of the default value and the fourth using both the increased sweep speed and shortened z-level wait. All the parts were built with a layer thickness of 0.1 mm and the blade gap set equal to 200 per cent of the layer thickness. Table 4 shows the thickness measurements taken at two xed points (see F ig. 5) on each test part. It can be seen that the higher sweep speed and reduced z-level wait did not affect the accuracy in the z direction of the parts. This means that the speci ed layer thickness is maintained precisely. Therefore, the thickness of the recoated layer is constant and independent of the blade sweep speed within the test range. As a result, higher sweep speeds and shorter z-level waits can be adopted when recoating solid substrates. It will now be shown that, for the thickness of the recoated layer to be constant and independent of the sweep speed, the pro le of the velocity of the resin beneath the blade should be triangular. Consider Fig. 6 , which depicts a blade travelling at a speed V from left to right over the substrate. The resin can be regarded as owing from right to left (from section i-i to section o-o in F ig. 6). R elative to the edge of the blade, the speed of the resin layer in contact with it is zero, while the resin at the top of the substrate moves at the speed V of the blade. At section i-i, the resin ow speed v…z † changes from V to 0. The volumetric ow Q i is given by 
Recoating over trapped volumes
The amount of resin inside a trapped volume depends on the recoating parameters. As a result, the level of the trapped resin may be different from that of the surrounding resin if incorrect recoating parameters are used. The blade can scoop out too much material or it can leave an excessive amount behind.
It can be seen in F ig. 1, that liquid resin is maintained in a reservoir within the blade by a vacuum pump. When the laser has nished solidifying a layer, the part is lowered to create a user-speci ed clearance from the blade. The blade then moves along the top surface of the part, applying a thin, even coating of resin. The blade reservoir is replenished during, and immediately following, the recoating process by drawing liquid resin up from the resin surface in the surrounding vat.
When the blade passes over a trapped volume, the liquid ow beneath the blade is complex. A triangular velocity pro le is no longer obtained because of the large gap between the blade and the solid substrate. Although the ow is dif cult to model, it is clear that the amount of resin left in the trapped volume is in uenced by the sweep speed, the distance from the top of the part (bottom of the trapped volume) to the edge of the blade, the geometry of the trapped volume and the viscosity of the resin.
If the amount of trapped resin is too little, the level of the resin within the trapped volume will be lower than that in the vat. This condition is called starvation [3] . When too much resin is left in the trapped volume, mounding occurs [3] . This is the case where the resin level inside the trapped volume is above that in the vat. Starvation can result in the cured part showing a slight downward slope towards the trapped volume. M ounding gives an increased cured resin height along the borders of the trapped volume, potentially leading to collision of the blade against the part or delamination of the layer being built.
S tarvation and mounding tests
A test part was designed to investigate the phenomena of starvation and mounding. The part consisted of a series of square hollow bosses of different heights. The axes of the bosses were vertical and the hollows faced upwards in the vat so that they trapped resin during the build. The horizontal …x -y † cross-sections of the bosses were all 20 mm 6 20 mm in internal dimensions and 2 mm in thickness. The nominal heights of the different bosses were between 0.1 and 14.4 mm. After the part was built, the height of each boss was measured using a microscope at four different locations (see F ig. 7a). The four measurements, h 1 to h 4 , were used to determine the occurrence of starvation and mounding and detect the possibility of blade collision, as explained below. F irstly, a parameter de ned as the edge offset was computed:
If the edge offset was negative, a starvation condition was indicated. If the edge offset was positive, mounding was deemed to have taken place. Secondly, the height error was calculated:
If the height error was positive, there was a risk of the blade colliding against the part. With the machine recoating parameters (the gap between the blade and substrate, sweep speed, number of sweeps per layer and z-level wait) set for normal operation, the test part was built. The height measurements were taken and the results plotted in F ig. 7b. It can be seen that both the edge offset and the height error start with a negative value and then change back to positive as the part height increases. This means that starvation and mounding had occurred. As some height errors are quite large, there have been many opportunities for blade collision. It can also be noted that starvation happened in the shorter bosses with shallow trapped volumes. As the boss height increased and the trapped volume became deeper, mounding replaced starvation and the danger of blade collision increased. Blade collision actually occurred at a height of 8.7 mm. 
Effects of operating conditions
The same part was built with different recoating parameters as follows: Part 1. Initially, when the bosses were shallow, a low sweep speed was adopted to increase the amount of resin left in the trapped volumes. As the heights of the bosses increased, a higher sweep speed was set to reduce mounding. The other machine parameters were as for normal operation. Part 2. This part was built using three sweeps of the recoating blade per layer. The other machine parameters were as for normal operation. Part 3. For this part, the z-level wait (before starting scanning and after sweeping) was longer (45 s) compared to the normal pause (15 s). Part 4. A blade gap 2.5 times the layer thickness was adopted for this part.
The results obtained are plotted in Figs 8a and b. These gures show that applying different sweep speeds (low speeds for shallow trapped volumes and high speeds for deep volumes) gave the best recoating results with the least edge offsets and height errors. Adopting a large blade gap also helped to reduce edge offsets, although there was a greater degree of mounding. Applying three sweeps of the recoating blade per layer had a similar effect to the longer z-level wait. H owever, for part 3, for which the extended z-level wait strategy was employed, the build failed when the height was 9.7 mm. As there is only one layer of resin at the top connecting the trapped volume and the free surrounding liquid, increasing the z-level wait would not help much in levelling the isolated and the free resin.
Effects of part geometry
The resin velocity pro le between the blade and the part depends on the height or depth (z dimension) of the trapped volume. This in uences the quality of the recoating represented by the edge offset and height error, as evidenced by the experimental results obtained.
It can be seen that the resin velocity pro le and recoating quality might also be affected by the size and shape (x y geometry) of the cross-section of the trapped volume and its orientation relative to the direction of the blade sweep (the y direction). Test parts were designed to investigate the effects of the dimensions and geometry of the trapped volume in the x y plane and also those of the thickness of the wall enclosing the trapped resin, as follows:
Parts 5, 6, 7 and 8. These parts were bosses with internal dimensions of 10 mm 6 10 mm, 30 mm 6 30 mm, 30 mm 6 20 mm and 20 mm 6 30 mm. The wall thickness of the bosses was 2 mm in all cases. Part 9. This part was a boss of internal dimensions 20 mm 6 20 mm with a thicker wall (4 mm) than in the other parts.
The parts were built using the recoating parameters for normal operation. The results are shown in F igs 9a and b. A phenomenon also evident in F ig. 8 was observed, namely that starvation occurred at the lower portions of a trapped volume and then gave way to mounding as the trapped volume increased in height. Among those parts with the same wall thickness of 2 mm, the edge offsets and height errors were larger for part 5, which had the smallest cross-section. Also, mounding rst occurred at a height of 2 mm, much earlier than for the other parts. The offsets and errors in part 6 were smaller and mounding started later at 8 mm. The situation for part 8 was similar to that for part 6. Both parts had the same dimensions in the direction of the blade sweep. The recoated quality of part 7 was worse than that of part 8, although both had the same cross-sectional area. It should be noted that the longer dimension in the case of part 8 was aligned with the sweep direction, whereas in the case of part 7 the longer dimension was perpendicular to the sweep direction. The edge offsets for part 9, which had a thicker wall, were larger than for the other parts, but its height errors were smaller.
In summary, the quality of the recoating, as manifested in the nal accuracy achieved, was better for the larger trapped volumes. The dimension in the blade sweep direction had a greater in uence on quality than that in a direction perpendicular to the sweep. Smaller edge offsets were obtained for trapped volume enclosures with thinner walls.
Discussion
A common phenomenon in recoating over trapped volumes is that starvation occurs initially, followed by mounding. This is because the R VP varies with the depth of the trapped volume. When the latter is shallow, the R VP is still close to a triangle (F ig. 10a). The volumetric ow Q i at section i-i is therefore
where D is the distance from the bottom of the trapped volume to the edge of the blade. At section o-o, the volumetric ow Q o is given by
where H is the height of the resin from the bottom of the trapped volume to the top of the newly recoated layer. Equating Q i and Q o gives H %0:5D. F or the rst layer, choosing D, the blade gap, to be equal to twice the thickness a of a layer gives Hˆa, the desired value. D uring the recoating of the second layer, the new value for D is Dˆ2a ‡ aˆ3a and H is therefore 1.5a, less than the expected height of 2a. To compensate for this, the blade sweep speed can be reduced, so that the R VP is changed (F ig. 10b) and Q i > 1 2 V D. Alternatively, the blade gap can be increased. It has been found that a value of 1.75a can be achieved for H by widening the blade gap. As the depth of the trapped volume increases and the R VP becomes similar to the pro le shown in F ig. 10c, starvation gives way to mounding. To reduce mounding, a high sweep speed is required. Another observation is that the dimension l (see F ig. 7a) of the trapped volume along the sweep direction has a critical effect on the recoating quality. This can also be explained by the change to the R VP as the blade sweeps across the trapped volume. When the blade edge just passes the entry to a trapped volume or approaches the exit from it, the R VP is different from that in the middle of the trapped volume. This results in the volumetric ows at the entry and exit differing from that in the middle. The ow differences can either cause more resin to build up in the trapped volume or to be removed from it. In either case, the effect on the level in the trapped volume will be greater when l is small than when it is large. This explains why mounding occurred earlier for part 5, which had the smallest value for l (10 mm).
The main factors in uencing the process of recoating over trapped volumes have been identi ed as the blade 1. At the beginning of a build, a lower sweep speed or a larger blade gap should be applied to help reduce starvation. 2. As the height of the part increases, the sweep speed should be raised to decrease mounding. 3. The longer dimension of the trapped volume should be placed in the y direction (the sweep direction) to reduce edge offsets and height errors.
CONCLUSIO NS
This paper has studied the feasibility of building quality SLA parts at higher speeds than normally recommended by SLA manufa cturers. In general, selecting fast recoating parameters is to be encouraged, particularly if there are no trapped volumes. H owever, caution should be adopted when recoating a shallow trapped volume, where slower recoating parameters are required. The study has found that using a high blade sweep speed has a number of advantages:
1. R educing the total time needed for sweeping and zlevel wait in recoating. The settling time of the ripples does not change much when the blade speed is increased and so the full bene t of decreasing the sweep time is obtained. 2. H elping to minimize mounding over a trapped volume above a certain height. 3. Saving time while maintaining quality when recoating over solid substrates.
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